Many of the classic amentiferous families, such as Betulaceae, Myricaceae, and Casuarinaceae, currently treated within subclass Hamamelididae (sensu Cronquist, 1981 , 1988 and Takhtajan, 1980 , 1987 have been recognized informally as ''higher'' Hamamelididae, distinguished by the reduced apertures and granular infratectal exine structure of their tricolporate-derived pollen (Walker and Doyle, 1975; Crane and Blackmore, 1989) . In contrast, the ''lower'' hamamelids (e.g., Hamamelidaceae, Platanaceae, and Trochodendraceae) possess tricolpate pollen with a columellate exine. Although the family Fagaceae has long been associated with amentiferous families, it has tricolporate columellate pollen as do the basal rosids (Crepet and Nixon, 1987; Nixon, 1989) . The close phylogenetic relationship of Fagaceae to core amentiferous families suggests that ''higher'' hamamelids may have shared a most recent common ancestor with taxa traditionally considered ''rosid'' and not ''lower'' hamamelids. Indeed, the hypothesis that a group of wind-pollinated families of Hamamelididae may be more closely related to some rosid families is supported by numerous similarities in morphological, anatomical, palynological, and biochemical features (Wolfe, 1974 (Wolfe, , 1989 Hickey and Wolfe, 1975; Ehrendorfer, 1977 Ehrendorfer, , 1989 Hickey and Doyle, 1977; Crepet and Nixon, 1987; Dickison, 1989; Meurer-Grimes, 1995) . The macrosystematic treatments of Dahlgren (1989) and Thorne (1992) classified ''higher'' hamamelids with traditional rosids, thus reflecting the paraphyly of the subclass Hamamelididae (sensu Cronquist, 1981 , 1988 and Takhtajan, 1980 , 1987 .
Explicit phylogenetic hypotheses based on analyses of morphological and molecular data are consistent with the pattern of relationships implied by the available data and current classification systems. For example, morphological analyses suggest that basal rosid families such as Cunoniaceae, Davidsoniaceae, and Brunelliaceae, are sister to the ''higher'' hamamelids (Nixon, 1989; Hufford, 1992; Loconte, 1996) . Molecular analyses of cpDNA data restriction sites (Manos, Nixon, and Doyle, 1993) and rbcL sequences Gunter, Kochert, and Giannasi, 1994; Swenson, Mullin, and Chase, 1994; Soltis et al., 1995; Swenson, 1996) generally support a relationship of ''higher'' hamamelids to a variety of rosid, dillinid, and urticalean taxa. The analysis of Manos, Nixon, and Doyle (1993) demonstrated monophyly of the ''higher'' hamamelids; however, incomplete sampling and low number of informative restriction sites among taxa limited the formulation of phylogenetic hypotheses among several critical families. The topologies of the trees produced with rbcL sequences varied greatly depending on the taxa examined. Overall resolution among those taxa has been low, and no single sister group relationship to the ''higher'' hamamelids was supported. This is likely due to inadequate variation for estimating relationships (Steele and Vilgalys, 1994; Kellogg and Juliano, 1997) .
Previous analyses of cpDNA also raise several questions concerning relationships among families of ''higher'' hamamelids. In those analyses, Nothofagus is strongly supported as the sister group to a clade composed of the Fagaceae plus a largely unresolved group of families referred to hereafter as core ''higher'' hamamelids (Casuarinaceae, Betulaceae, Juglandaceae, and Myricaceae). Thus, the traditional broad concept of the Fagaceae, which includes Nothofagus (e.g., Kubitzki, 1993a) , is not supported by molecular (Manos, Nixon, and Doyle, 1993) and morphological data (Nixon, 1989) . Additionally, the hypothesis that Nothofagus is sister taxon to certain ''higher hamamelids'' such as Betulaceae on the basis of putatively synapomorphic pollen and ovule character states (Nixon, 1989) is inconsistent with analyses of cpDNA data suggesting homoplasy in at least those characters, perhaps associated with unisexuality and the anemophilous pollination syndrome. This paper addresses relationships among ''higher'' hamamelids using cpDNA gene sequences to provide increased phylogenetic resolution and suggest alternative hypotheses of morphological character evolution. We assess phylogenetic relationships among ''higher'' hamamelids using the cpDNA gene matK. The cpDNA gene, matK, has been shown to contain more phylogenetically informative nucleotide substitutions than does rbcL in comparisons of similar sets of taxa (e.g., Steele and Vilgalys, 1994) . Another goal is to evaluate the usefulness of alternative cpDNA genes to estimate the single phylogenetic history present among plastid lineages with a comparison of rbcL and matK sequences. Data sets of matK and rbcL sequences for the same taxa are analyzed and issues of resolving power and clade stability within the ''higher'' hamamelids are considered.
MATERIALS AND METHODS
Taxonomic sampling-Total genomic DNAs representing 18 ingroup taxa and three outgroups were isolated from fresh, silica-gel-dried, and/or air-dried leaf material following Manos, Nixon, and Doyle (1993) . A list of these taxa is provided in Table 1 . Sampling of ingroup taxa for matK variation was designed to represent most families by at least two members of subgroups within currently circumscribed families. For the largest family, Fagaceae (nine genera; ϳ1000 species), sampling encompasses the breadth of phylogenetic diversity according to recent phylogenetic analyses (Nixon, 1989; Manos, Nixon, and Doyle, 1993) . Similarly, recent phylogenetic analyses of Betulaceae (Crane, 1989; Bousquet, Strauss, and Li, 1992) , Juglandaceae (Smith and Doyle, 1995) and Nothofagaceae (Hill and Jordan, 1993; Martin and Dowd, 1993; Manos, 1997) were used to designate taxa representative of major intrafamilial clades. Monotypic taxa, Rhoiptelea and Ticodendron, whose relationships are uncertain were also sampled. Throughout this paper family names are used when more than one genus was sampled, otherwise the name of the genus is used. ''Lower'' hamamelid and rosid outgroups were chosen on the basis of previous phylogenetic analyses (Nixon, 1989; Manos, Nixon, and Doyle, 1993) . Urticalean taxa were excluded because analyses of rbcL sequences have clearly shown them to be related to ''higher'' rosids Sytsma et al., 1996) . Previously published rbcL sequences used in our comparative and combined phylogenetic analyses are indicated in Table  2 . Sequences were chosen that either duplicated or otherwise complemented the matK sequences obtained.
Molecular methods-Protocols for amplification of the matK region were essentially similar to those described previously (Steele and Vilgalys, 1994) . Primers designed for that study as well as additional primers modified for the present taxa were used (Table 3) . In most cases, a 2.5 kilobase (kb) fragment was amplified using the forward primer trnK1 and reverse primer trnK2R, although other combinations of amplification and sequencing primers were also used. Double-stranded products were sequenced using the cycle-sequencing protocols provided in the support manual of the Applied Biosystems 373 Stretch DNA Sequencer.
Phylogenetic analyses-Sequences were aligned manually; insertions or deletions (indels) were accounted for in the alignment. Phylogenetic analyses were performed using PAUP 3.1 (Swofford, 1993) . Five data sets were analyzed. These included two basic sets: DATA SET ONE consisted of 21 matK sequences for 18 ''higher'' hamamelid taxa and three outgroup taxa and DATA SET TWO consisted of 22 rbcL se- Martin and Dowd, 1993 Martin and Dowd, 1993 Albert, Williams, and Chase, 1992 TABLE 3. Primer sequence and location. The base position that the primer begins at is relative to the Nicotiana sequence (Sugita, Shinozaki, and Sugiura, 1985 Sugita, Shinozaki, and Sugiura, 1985) were used. For rbcL sequences, positions 31-1395 were used as characters; positions 1-30 and 1396-1428 were not available for all taxa and were therefore omitted from the analyses. Variation in inserted sequences was not included in the analyses; however, each indel was coded as an additional character and scored as present or absent. Since there were only two variable positions in indel sequences, little phylogenetic information was obscured by excluding them.
Unweighted analyses were performed, assuming that all characters are equally likely to change and that all character state changes are equally likely. Additional analyses used character weighting, character state weighting, or both (Swofford and Olsen, 1990) . For character weighting, characters at first and second codon positions were given twice as much weight as those at the third codon position. Characters at saturated sites were excluded from some analyses. For character state weighting, transversions were given twice as much weight as transitions.
Relative levels of support for individual clades were estimated in three ways: (1) number of unambiguous character state changes and number of characters that changed once on the tree (unlikely to have undergone multiple substitutions) were compared for each clade; (2) bootstrap analysis (Felsenstein, 1985) as implemented in PAUP (100 replicate samples); and (3) Bremer support analysis examining trees five steps (1.0 %) longer than the most parsimonious (Bremer, 1988; Hillis and Dixon, 1989; Cracraft and Helm-Bychowski, 1991; Donoghue et al., 1992) . Estimates of support, such as the bootstrap and examination of subparsimonious trees, are used routinely; however, these measures are not independent of the pattern of character state distribution (see Olmstead and Sweere, 1994 and Davis, 1995 for contrasting opinions).
Numbers of nucleotide substitutions, corrected for multiple hits, between pairs of selected outgroup and ingroup sequences from the basic matK and rbcL data sets were estimated (Li, Wu, and Luo, 1985) (Table  4A , B). Estimates were made of numbers of substitutions at synonymous sites (Ks, where nucleotide substitution does not result in amino acid substitution) and nonsynonymous sites (Ka, where nucleotide substitution results in amino acid substitution). In addition, data sets were compared with regard to both number and percent informative characters, and percent variation at the third codon position (Table 5 ). The results of phylogenetic analyses of all data sets were compared with regard to the consistency index (CI) of the most parsimonious trees, the length of those trees, and the number of trees 1% longer than the most parsimonious (Table 6 ).
RESULTS
Phylogenetic analyses-Unweighted phylogenetic analyses of 18 ''higher'' hamamelid and three outgroup matK sequences (DATA SET 1) resulted in one most parsimonious tree (Fig. 1 ). This tree was fully resolved except for a polytomy of four genera of Fagaceae. This polytomy was due to lack of informative characters. The ''higher'' hamamelid taxa formed a well-supported monophyletic group within which Nothofagus was the most basal lineage. The Fagaceae were sister group to core ''higher'' hamamelids, which formed a moderately well-supported group. Three strongly supported subclades within that clade included (Juglandaceae-Rhoiptelea), (Casuarina-(Ticodendron (Betulaceae))), and Myricaceae. In the most parsimonious tree the group composed of Juglandaceae and Rhoiptelea was sister group to the remaining core ''higher'' hamamelids. However, weak support for the latter clade is evidenced by low numbers of characters and modest bootstrap support (61%). Examination of the 44 trees 1% longer than the most parsimonious trees (five steps longer) indicated the same three groups of core ''higher'' hamamelids mentioned above (Fig. 2) . Analyses using character state weighting produced the same most parsimonious tree as in Fig. 1 . When analyses were performed using only the third codon position, results were nearly identical to Fig. 1 , but the tree produced with only the first and second codon positions placed Myricaceae as sister group to Juglandaceae plus Rhoiptelea, rather than Betulaceae and Casuarina. Removal of characters saturated with all four bases had no effect on tree topology, but the CI was slightly lower. When examined for degree of support, none of the weighted analyses provided any more support for groups of families of core ''higher '' hamamelids than that indicated in either Unweighted phylogenetic analyses of 18 ''higher'' hamamelid and four outgroup rbcL sequences (DATA SET 2) resulted in nine most parsimonious trees, one of which is presented in Fig. 3 . As in previous studies and in the matK trees, the ''higher'' hamamelid taxa formed a monophyletic group within which Nothofagus was the most basal. In the strict consensus of these trees (not shown), there is no phylogenetic structure among the families, and Fagus is separated from the remainder of Fagaceae. In trees 1% longer than the most parsimonious, only the genera of Betulaceae become unresolved (Fig.  4) . Analyses using character state weighting produced the same most parsimonious tree as in Fig. 3 . Removal of characters saturated with all four bases had little effect on tree topology, with only a slight decrease in the CI. When analyses were performed with characters from only the first and second codon positions, 24 most parsimonious trees were produced (results not shown). The topology of the majority-rule consensus tree was different from that produced with all codon positions. For example, Nothofagus was not basal, but was part of a group with Cunoniaceae, Fagus, and Myricaceae. Betula was not part of a monophyletic group with remaining Betulaceae. When only characters from the third codon position were analyzed, 12 most parsimonious trees were produced.
Phylogenetic analyses of the matK sequences of the 16 taxa with corresponding rbcL sequences (DATA SET 3) resulted in two most parsimonious trees that differ from one another only in the placement of the major groups within core ''higher'' hamamelids. Results from the bootstrap analysis and from trees 1% longer were basically similar to those obtained with the larger matK data set. Fig. 1 . The single most parsimonious tree for the ''higher'' hamamelids based on matK sequences. Length ϭ 471 steps, CI ϭ 0.72. Percentage of 100 bootstrap replications is given below branches for bootstrap values Ͼ50%. Branch support is indicated above branches by the total number of characters followed by the number of characters that change once on the tree. See Table 1 for species sampled. One most parsimonious tree resulted from analysis of the 16 rbcL sequences complementary to matK sequences as discussed above (DATA SET 4). The topology of this tree (not shown) was different from the analyses of the larger rbcL data set. As before, Nothofagus was basal within ''higher'' hamamelids, but a group consisting of Betulaceae and Casuarina was sister to Juglans and Carya and this clade in turn was basal to the remaining ''higher'' hamamelids including Fagaceae. Bootstrap analysis of this data set produced results similar to those obtained using DATA SET 2 (Fig. 3) . A majority rule topology of the trees 1% longer than the most parsimonious also was similar (Fig. 4) .
When the 16 matK and rbcL sequences were combined (DATA SET 5) unweighted analyses produced two most parsimonious trees that differed only in the placement of Myricaceae: (1) as shown in Fig. 5 and (2) as sister to Juglandaceae. Trees longer than the most parsimonious indicated less support for the core ''higher'' hamamelids as a group than did trees based on matK sequences alone. Bootstrap analyses indicated that Fagus is always included with other genera of Fagaceae and that Casuarina is placed with Betulaceae.
Comparative analyses-Pairwise comparisons of estimated numbers of nucleotide substitutions (corrected for multiple hits) for selected outgroup and ingroup taxa are shown in Table 4A , B. As expected, most of the largest values were between outgroup taxa and ingroup taxa, but there were some large values between members of the ingroup. For example, when synonymous sites were compared for both rbcL and matK sequences, the two most divergent ingroup taxa were Casuarina and Nothofagus cunninghammii. In comparisons of nonsynonymous sites, comparably divergent taxa were Nothofagus cunninghammii and Chrysolepis. Generally, the most divergent ingroup taxa were Nothofagus, Casuarina, and members of Fagaceae. The least amount of divergence for both genes and both types of sites was between Chrysolepis and Quercus rubra.
Generally, sequence divergence values at both synonymous and nonsynonymous sites were usually greater for matK sequences than for rbcL sequences, although this is not necessarily so for comparisons within Fagaceae. For example, estimates of numbers of substitutions between Fagus and Quercus at synonomous sites were greater for rbcL sequences (0.137) than for matK sequences (0.118). Estimates of divergence between taxa within one family were usually low, except for Fagaceae and to a lesser degree between the two species of Nothofagus. The highest values of intrafamilial divergence (Fagus and Quercus) and lowest overall values of divergence (Chrysolepis and Quercus) were both found in Fagaceae.
Sequences of matK provided nearly three times as [Vol. 84 AMERICAN JOURNAL OF BOTANY Fig. 3 . One of the nine most parsimonious trees for the ''higher'' hamamelids based on previously published rbcL sequences. L ϭ 308 steps, CI ϭ 0.63. Percentage of 100 bootstrap replications is given below branches for bootstrap values Ͼ50%. Branch support is indicated above branches by the total number of characters followed by the number of characters that change once on the tree. See Table 2 for species sampled and literature cited. many informative characters as did rbcL sequences (Table 5; see DATA SETS 3 AND 4). More of those characters were present in the third codon position in rbcL sequences than in matK sequences (79 and 43%, respectively, for 21 taxa and 77 and 42%, respectively, for the same 16 taxa). Most parsimonious trees based on analysis of matK sequences had considerably higher CI values than those based on analysis of rbcL sequences of the same taxa (0.72 and 0.62 respectively for analyses of 21 taxa and 0.79 and 0.65, respectively, for analyses of the same 16 taxa) ( Table 6 ). The number of trees 1% longer than the most parsimonious was greater for rbcL sequences (574 trees) than for similar analyses of matK sequences (44 trees).
DISCUSSION
Phylogenetic inferences-Parsimony analysis of matK sequences has produced a well-resolved phylogenetic hypothesis of cpDNA relationships of the ''higher'' hamamelids (Figs. 1, 2) , consistent with the topology of previous phylogenetic analysis of cpDNA inverted repeat restriction sites (Manos, Nixon, and Doyle, 1993) . Thus, these analyses support Nothofagus as basal within the group and contradict previous taxonomic systems that classified Nothofagus within Fagaceae, typically as sister genus to Fagus (e.g., Kubitzki, 1993a) and recent phy- References: Langdon (1939 Langdon ( , 1947 , Nixon and Crepet (1989) , and Praglowski (1982) for Nothofagus and Fagaceae; Abbe (1974) , Hjelmqvist (1948) for Betulaceae; Sundberg (1985) , MacDonald (1989) , and Kubitzki (1993b) for Myricaceae; Manning (1938 Manning ( , 1940 ; Langdon (1939) , Stone and Broome (1975) , and Stone (1993) for Juglandaceae; Feuer (1991) and Tobe (1991) for Ticodendron; Kershaw (1970) , Zavada and Dilcher (1986) , Johnson and Wilson (1993) for Casuarina; Withner (1941) , Stone and Broome (1972) , and Wu and Kubitzki (1993) for Rhoiptelea. logenetic analysis of morphology (Loconte, 1996) . The distinct phylogenetic position of the genus based on cpDNA sequences lends further support to morphological studies (Nixon, 1982 (Nixon, , 1985 (Nixon, , 1989 Jones, 1986) for the recognition of Nothofagaceae (Kuprianova, 1962) .
Nothofagus is the sister group to the remaining ''higher'' hamamelids, which are resolved as two distinct clades. One of these clades comprises a strongly supported Fagaceae, in which Fagus is sister group to a clade that includes Trigonobalanus, Quercus, and the castaneoid genera Chrysolepis and Castanea. This placement of Fagus and Trigonobalanus differs from the most recent classification of the family, which recognized these two genera and Quercus in subfamily Fagoideae (Nixon, 1989) . In that classification subfamily Fagoideae is supported by putative synapomorphies associated with wind pollination.
The sister group to Fagaceae is a clade of the core ''higher'' hamamelids, which includes families sharing wind pollination, bicarpellate flowers, granular pollen walls, and reduced pollen apertures (Table 7) . The single most parsimonious tree provided by matK sequences (Fig. 1) resolves two clades, although support for one of the clades is weak. Thus, there are three well-supported subclades of core ''higher'' hamamelids (Fig. 2) . The subclade comprising Casuarina, Ticodendron, and Betulaceae is difficult to diagnose with morphological characters; however, affinities between certain of these divergent families have been discussed. Morphological similarities between Ticodendron and Betulaceae include floral morphology (Tobe, 1991) , wood and bark anatomy (Carlquist, 1991) , sieve element plastids (Behnke, 1991) , and pollen (Feuer, 1991) . Phylogenetic analyses of rbcL sequences (Conti, Sytsma, and Alverson, 1994) and leaf architectural characters (Hickey and Taylor, 1991) also support a close relationship of Ticodendron to Betulaceae. Loconte (1996) included Ticodendron and other ''higher'' hamamelids in a broad morphological cladistic analysis of the angiosperms and suggested the following relationship: (Ticodendron (Betulaceae (Fagaceae-Nothofagus))). This hypothesis is not consistent with our results. The family Casuarinaceae, with its articulate branchlets, reduced leaf lamina, and whorled inflorescence structure, is distinct relative to other ''higher'' hamamelids and therefore comparisons with other taxa are especially difficult. Recent phylogenetic analyses of morphology (Hufford, 1992; Loconte, 1996) have suggested the following relationship (Casuarinaceae-(JuglandaceaeMyricaceae); however, this placement also is not supported by the molecular data presented here.
The other strongly supported subclade suggests a sister group relationship for Juglandaceae and Rhoiptelea, taxa that share the anomalous feature of compound leaves. This analysis offers the first molecular assessment of the broader relationships of the southeast Asia endemic Rhoiptelea, a distinctive taxon with a host of putatively plesiomorphic morphological character states (e.g., stipules, superior ovary, bitegmic ovules). This relationship was suggested previously on the basis of morphological (Manning, 1938 (Manning, , 1940 Withner, 1941) and chromosomal similarities (Oginuma, Gu, and Yue, 1995) ; however, recent phylogenetic analyses of morphology have placed it several nodes away from Juglandaceae (Hufford, 1992) or as sister to Davidsonia (Loconte, 1996) . Analyses of matK data sets with only codon positions 1 and 2 show somewhat more support for the grouping, (JuglandaceaeRhoiptelea)-Myricaceae)), rather than placing Myricaceae basal to the clade including Betulaceae. A sister group relationship for Myricaceae and Juglandaceae has been suggested on the basis of shared presence of one basal orthotropous ovule, peltate glandular hairs, and absence of stipules (Cronquist, 1981;  Table 7 ) and by recent phylogenetic analyses of morphology (Hufford, 1992; Loconte, 1996) . However, the molecular support for Rhoiptelea as sister to Juglandaceae suggests that morphological similarities between Juglandaceae and Myricaceae should be reexamined and their similarities to Rhoiptelea reconsidered.
Fossil history-The fossil record provides an important means of corroboration of a particular phylogenetic hypothesis. Fossil information may provide support for a phylogenetic hypothesis in two ways. Fossils that have a mosaic of characters found in extant taxa may provide [Vol. 84 AMERICAN JOURNAL OF BOTANY support for a clade containing those extant taxa (e.g., Crepet et al., 1992) . Conversely, if the extant taxa are found in well-separated clades, the mosaic fossil does not provide support for that particular grouping. Additionally, the timing of appearance of particular taxa may support an explicit phylogenetic hypothesis, although these data must be carefully evaluated (Schoch, 1986; Doyle and Donoghue, 1993) . For example, an early appearance of a group would be consistent with its basal position in a tree. We consider here evidence from the fossil record as relevant to the phylogenetic hypotheses presented above and typified in Figs. 1, 2 .
Protofagacea, a fossil genus represented by flowers, fruits, cupules, and pollen has been described from the Campanian (Late Cretaceous) (Herendeen, Crane, and Drinnan, 1995) . This fossil combines characteristics now found in Fagaceae, Nothofagaceae, and certain rosids, including Cunoniaceae and Hydrangeaceae. For example, pollen structure more closely resembles rosid pollen, but the cupules are nearly identical to those found in Nothofagus and some Fagaceae. Herendeen, Crane, and Drinnan (1995, p. 110) state ''Protofagacea clearly belongs to the Fagaceae-Nothofagaceae clade(s), but an understanding of its precise relationships must await more information on the fossils as well as a detailed resolution of phylogenetic relationships among Fagaceae, Nothofagaceae, and relevant 'higher' hamamelids and rosids.'' When compared with our hypothesis of relationships among those taxa, Protofagacea could be placed basal to all 'higher' hamamelids; alternatively, it could be placed as sister to Fagaceae plus core ''higher'' hamamelids. The Late Cretaceous age of its occurrence would be consistent with either hypothesis. Herendeen, Crane, and Drinnan (1995) assign this fossil to Fagaceae sensu lato based on the presence of a cupule, but based on our phylogenetic hypothesis that family would be paraphyletic. Thus Protofagacea cannot be assigned to any one modern family, but rather predates the divergence of modern families of ''higher'' hamamelids. Unequivocal Nothofagus pollen first appears in the Campanian (Dettman et al., 1990) , but temporal overlap of a derived group with a group that has retained more plesiomorphic features is not unusual (e.g., Crepet and Nixon, 1989b) .
Timing of appearance of various taxa may be relevant to consideration of the evolutionary history of the ''higher'' hamamelids. The fossil pollen of Middle Cenomanian to Eocene deposits, referred to as the Normapolles complex, includes triporate pollen, which may play a significant role in understanding the early evolution of the ''higher'' hamamelids because this pollen is thought to be representative of ancestral elements of some core ''higher'' hamamelids (Friis, 1983; Batten, 1989; Kedves, 1989) . Juglandaceous floral megafossils have been found with included pollen similar to that from various Normapolles genera in the Late Senonian (ϳ70 Mya; Friis, 1983; Friis and Crane, 1989) . These fossils support the hypothesis that Juglandaceae diverged relatively early in the diversification of ''higher'' hamamelids; therefore, the core ''higher'' hamamelid clade identified by matK sequences is potentially older than the Senonian.
The excellent fossil record for Fagaceae and Nothofagaceae (for review see Jones, 1986; Crepet, 1989; Herendeen et al., 1995) can be compared with our phylogenetic hypotheses. The oldest ''higher'' hamamelid microfossils are similar to Nothofagus; this is completely consistent with its basal position. As mentioned in the discussion of the Normapolles complex, the age of the core ''higher'' hamamelids is likely to be older than the Late Cretaceous, thus the lineage leading to modern Fagaceae must be at least that old. Putative castaneoid pollen first appears in the Campanian/Maastrichtian (Chmura, 1973 ), but the identification based upon light microscopy needs reconfirmation with scanning and transmission electron microscopy. Castaneoid pollen is similar to some basal rosid pollen (Crepet and Nixon, 1987; Herendeen, Crane, and Drinnan, 1995) , and the first unequivocal castaneoid pollen is from staminate catkins of Middle Eocene age (Crepet and Daghlian, 1980) . Trigonobalanoid fossils, including fruits, catkins, and pollen appear in the mid-Oligocene (Crepet and Nixon 1989a). The first unambiguous megafossils of Fagus do not appear until the Miocene (Smiley and Huggins, 1981) and there is no fossil pollen confidently attributed to Fagus prior to the Lower Oligocene (Muller, 1981 ). Yet matK trees indicate that Fagus diverged earlier than do any fagaceaous taxa with castaneoid pollen. This suggests that ancestral Fagus-like fossils, which perhaps lack the distinctive features of the extant genus remain to be recognized in the fossil record.
Morphological implications-Phylogenetic relationships among the ''higher'' hamamelid families considered here were first investigated by Nixon (1989) and later treated in broader analyses of nonmagnoliid dicots (Hufford, 1992) , and magnoliid taxa with particular emphasis on the eudicots (Loconte, 1996) . At present, no comprehensive phylogenetic morphological analysis concentrating on the ''higher'' hamamelids is available. In the interest of an independent appraisal of the potential distribution of several key morphological characters previously used to hypothesize phylogenetic relationships, the matK topology presented here will be used to provide a framework to speculate on the patterns of morphological evolution within the ''higher'' hamamelids. Examining the distribution of select, putatively derived morphological character states relative to the phylogenetic context provided by matK sequences is considered a violation of the ''total evidence'' paradigm (Kluge and Wolf, 1993) ; however, this is a heuristic exercise for the purpose of considering hypotheses of independent origin. Pollen-For the ''higher'' hamamelids, variation in pollen morphology has been one the major sources of evidence used to hypothesize interfamilial phylogenetic relationships (Stone and Broome, 1972; Praglowski, 1982; Zavada and Dilcher, 1986; Nixon, 1989; Feuer, 1991) . There are three generalized pollen types within the group based on aperture morphology (Table 7) : colporate (Fagaceae and Rhoiptelea), pororate (Betulaceae, Casuarina, Juglandaceae, Myricaceae, Juglandaceae, and Ticodendron), and stephanocolpate (Nothofagus). The distribution of these character states is consistent with the groupings supported by matK sequence data. The presence of reduced apertures provides independent support for the core ''higher'' hamamelids; however the placement of the colporate Rhoiptelea suggests either a sec-ondary increase in colpus length or the more likely independent origin of pororate pollen in Juglandaceae from a colporate ancestor. Feuer (1991) used a phenetic comparison of numerous discriptive features in concluding that the pororate pollen of Juglandaceae differs significantly from the pollen of Casuarinaceae, Ticodendron, Myricaceae, and Betulaceae. The resolution of two clades of pororate ''higher'' hamamelids ( Fig. 1) appears to corroborate the results of these comparative pollen studies.
In contrast, the derived condition of a granular exine, found in all taxa except Fagaceae, may have evolved independently in Nothofagus and the core ''higher'' hamamelids, although Nixon (1989) highlighted the distribution of this character state in suggesting a sister group relationship between Nothofagus and those taxa. Similarly, a broad-scale cladistic analysis of the pollen of Hamamelididae also grouped Nothofagus with pororate ''higher'' hamamelids (Zavada and Dilcher, 1986) . Assuming the pollen of Fagaceae is plesiomorphic (Crepet and Nixon, 1987; Nixon, 1989) , the tricolporate-derived pollen of the other strictly wind-pollinated families has one or more of the following derived conditions: reduced pollen apertures, increased numbers of apertures, and granular exine ( Table 7 ). The placement of Nothofagus and Rhoiptelea relative to Fagaceae and pororate core ''higher'' hamamelids in the matK phylogeny suggests that several of these features have arisen more than once.
Pistillate flowers-Morphology of the pistillate inflorescence and flower has figured prominently in discussions of the relationships among ''higher'' hamamelids (e.g., Nixon, 1989; Herendeen, Crane, and Drinnan, 1995) . A critical issue is the origin of the cupule, a key feature traditionally used to define Fagaceae sensu lato (Berridge, 1914; Hjelmqvist, 1948; Brett, 1964; Forman, 1966; Abbe, 1974; Endress, 1977; MacDonald, 1979; Fey and Endress, 1983; Kaul and Abbe, 1984; Nixon, 1989) . The cupule is believed to represent the sterile higher order axes of the pistillate inflorescence. Given the positions of Nothofagus and Fagaceae shown in Fig. 1 , the broad interpretation of Fagaceae including Nothofagus using the cupule as a synapomorphy is no longer tenable. The origin of the cupule therefore remains equivocal. One possibility is that the cupules of Nothofagus and Fagaceae are not homologous and that each has arisen independently (Nixon, 1989) . Van Steenis (1953) suggested a stipular origin for the cupules of Nothofagus because they often bear colleter-like structures similar to those found on the stipules of some species of Nothofagus. However, the cupules of Nothofagus and Fagaceae sensu stricto are similar in structure and development (Langdon, 1939 (Langdon, , 1947 . Another line of evidence used to suggest the nonhomology of cupules emphasizes that in Fagaceae sensu stricto, the stable relationship of the number of flowers plus one (N ϩ 1) equals the number of cupule valves, but this relationship does not hold consistently for the cupules of Nothofagus (Nixon, 1989 ; for further discussion see Herendeen, Crane, and Drinnan, 1995) . A second equally parsimonious hypothesis is that the cupule is basic to the ''higher'' hamamelid clade, retained in Nothofagus and Fagaceae with a subsequent loss in the core ''higher'' hamamelid clade. Under this interpretation, the fossil, Protofagacea, with its cupulate fruits could be similar to a common ancestor of either all ''higher'' hamamelids or to the group including Fagaceae and core ''higher'' hamamelids.
The position of the ovary across the ''higher'' hamamelids has also been used as a potentially informative phylogenetic character (Table 7) . Although most of the group possess an inferior ovary, families such as Casuarinaceae and some genera of Myricaceae are considered to have a superior ovary. In both these taxa, bracts at the base of the ovary have been interpreted as perianth. In Canocomyrica of the Myricaceae, perfect flowers clearly show the ovary to be inferior (Guillaumin, 1940) . One possible source of error in morphological cladistic analyses may be the mistaken homology of these bracts for perianth. Epigyny may then characterize most of the ''higher'' hamamelids except for Rhoiptelea. In that taxon, the central perfect flower of each dichasium is clearly superior, suggesting a reversal from the epigynous condition.
Additional phylogenetically informative characters of the pistillate flower with unambiguous homologies are carpel and integument number (Table 7) . Most ''higher'' hamamelids are bicarpellate, whereas Fagaceae is tricarpellate to tricarpellate-derived (e.g., Castanea with 6-12 carpels) and many Nothofagus species have both bicarpellate and tricarpellate flowers in the same cupule. One interpretation of the distribution of these character states consistent with the matK topology is that the tricarpellate flower is plesiomorphic within the ''higher'' hamamelids with two transformations to the derived bicarpellate condition. Although 16 of the 36 species of Nothofagus produce bi-and tricarpellate flowers, 19 species of Nothofagus subg. Brassospora are defined by a change to strictly bicarpellate flowers (Hill and Jordan, 1993) . A second change to bicarpellate flowers also can be postulated as a synapomorphy for the core ''higher'' hamamelids.
Reduction of the integuments to one by fusion or loss of the inner one is common within the angiosperms (Eames, 1961) and the distribution of this putatively derived character state may be of some phylogenetic significance (Dahlgren, 1980; Hufford, 1992) . Variation in integument number within the ''higher'' hamamelids has been discussed by previous workers with respect to interfamilial relationships (Hjelmqvist, 1963; Nixon, 1989; Tobe, 1991) . Using the matK topology as a framework to interpret this likely irreversible transformation, it appears that the unitegmic condition has arisen multiple times as has been hypothesized for other angiosperms (Dahlgren, 1980) . Within the ''higher'' hamamelids, Nothofagus, Myricaceae, Ticodendron, Juglandaceae, and most of Betulaceae are unitegmic (Table 7) . The plesiomorphic bitegmic condition occurs in Fagaceae s.s., Casuarina, Rhoiptelea, and Carpinus of the Betulaceae.
The constraints imposed by unisexuality and wind pollination in conjunction with developmental correlations might explain homoplasy in several character states unlikely to reverse to the plesiomorphic condition, for example, granular exine, reduced pollen apertures, and unitegmic ovules. Stone (1973) emphasized similar constraints in hypothesizing the occurrence of parallel derived changes to animal-dispersed fruits and hypogeal germination within ''higher'' hamamelid families with different floral groundplans, for example in Betulaceae [Vol. 84 AMERICAN JOURNAL OF BOTANY (Corylus), Fagaceae (Quercus, Castaneoideae), and Juglandaceae (Carya, Juglans) (Abbe, 1974) . The phylogenetic hypothesis based on matK sequences supports Stone's (1973) hypothesis that epigeal germination is the ancestral condition for the ''higher'' hamamelids.
Comparison of rbcL and matK-Pairwise comparisons provide specific information about differences in numbers of nucleotide substitution between two sequences and may be useful for initial determination of the potential value of a particular gene. In the present study, outgroup and ingroup taxa, Hamamelis and Carya (chosen at random), were compared using a weighted average (Ko) of the numbers of substitutions at synonymous and nonsynonymous sites (corrected for multiple hits) and actual observed differences in nucleotide sequence (O.D. Comparison of data sets may provide a more accurate reflection of phylogenetically relevant differences between genes than do pairwise comparisons. Table 5 indicates that matK has twice as many informative characters in less overall sequence. For data sets with essentially identical taxa, the matK data set has 24% potentially informative characters, while the rbcL data set has only 9%. For those same two data sets substantially less of that variation is present at the third codon position in matK than in rbcL (42% for matK and 77% for rbcL). Thus, the possibility that multiple hits have obscured phylogenetic information is greater in rbcL than in matK, where the higher mutation rate is spread more evenly through all codon positions.
The greater phylogenetic utility of matK sequences is indicated in comparisons of results of phylogenetic analyses of the matK and rbcL data sets (Table 6 ). The CI is greater for all matK analyses indicating less homoplasy in the matK data in spite of the higher percentage variation. Fewer trees 1% longer are produced with matK data, suggesting that fewer taxa are present in unstable clades than in analyses of rbcL data. Comparisons of matK and rbcL data sets for essentially identical taxa show this most clearly; the CIs are 0.79 and 0.65, respectively, and the numbers of trees are 21 and 70, respectively.
Comparison of the CI for analyses that do not include all codon positions may also provide information on differences in homoplasy between the two data sets. Kim et al. (1992) in their study using rbcL sequences in analyses of Asteraceae indicate that all codon positions are similarly homoplasious. Our analyses suggest a similar conclusion. Comparisons using rbcL sequences (DATA SET 4) indicate similar CI values for analyses with first and second codon positions (CI ϭ 0.67) and for third codon position (CI ϭ 0.66). One possible problem with this comparison is that there are only 23 characters at the first and second codon positions and 94 characters at the third codon position; however, our results support the contention that all three codon positions are equally homoplasious (Kim et al., 1992; Kellogg and Juliano, 1997) . For the matK data set, the values derived from analyses of the first and second positions (CI ϭ 0.81) are slightly higher than analyses using the third codon position only (CI ϭ 0.76). There may be slightly less homoplasy at the first and second codon positions, but the similarity of the two values suggests that, as with rbcL, the amount of homoplasy is similar across codon positions. This agrees with the similarity of the results of the unweighted and weighted analyses for both rbcL and matk.
Another way to compare results of phylogenetic analyses is to use topology, although as ''true'' phylogenies are rarely known, one would not overemphasize this means of comparison. Nevertheless, the most striking topological difference between analyses of matK and rbcL is the placement of Fagus. In all trees produced using matK Fagus is placed with other members of Fagaceae. In most trees produced using rbcL sequences Fagus is not placed with Fagaceae. Although there have been no suggestions based on other data sources that Fagus is improperly placed within Fagaceae, matK sequences and cpDNA restriction site data (Manos, Nixon, and Doyle, 1993 ) support a basal position for the genus. It is likely that rbcL lacks sufficient informative characters to place Fagus with other members of Fagaceae.
CONCLUSIONS
On the basis of cpDNA sequences, the ''higher'' hamamelids considered here represent a monophyletic group nested among taxa traditionally considered rosid or dilleniid, whereas other hamamelids, such as Hamamelidaceae and Urticales (sensu Cronquist, 1981 , 1988 and Tahktajan, 1980 , 1987 have been found to be scattered among the eudicots (e.g., Chase et al., 1993) . Although certain macrosystematic treatments (e.g., Dahlgren, 1989; Thorne, 1992) had reached a similar phylogenetic conclusion regarding the nonmonophyly of the hamamelid taxa, analyses of plastid sequences give independent support for these classifications, and provide the necessary resolution to reconsider ordinal classification based on explicit phylogenetic analysis.
Many of the taxa recognized originally as Amentiferae and currently as ''higher'' hamamelids have played an important role in the development of angiosperm phylogeny. Initially considered an archaic assemblage (Engler and Prantl, 1887-1915) , the composition and phylogenetic position of this unique set of taxa have been altered by changing evolutionary concepts of angiosperm phylogeny and the accumulation of diverse sources of systematic data (Crane and Blackmore, 1989) . As circumscribed here, the ''higher'' hamamelids comprise eight families, which form a monophyletic group of ϳ1370 species. We have shown here that matK sequences alone or combined with rbcL sequences define three monophyletic groups of ''higher'' hamamelids: (1) Nothofagaceae, (2) Fagaceae, and (3) Rhoiptelea and Juglandaceae, Myricaceae, and (Casuarina (Ticodendron (Betulaceae))). Interestingly, the relationships of the families resolved by plastid sequences are largely inconsistent with those hypothesized by morphological cladistic analyses. Possible reasons for this include a paucity of mophological characters and difficult assessment of homology. Similar problems in establishing affinities among these morphologically divergent families are reflected in several previous taxonomic treatments, which often recognized monotypic orders, for example, Myricales and Casuarinales. One exception is the order Fagales sensu Cronquist (1988) , which suggests an alliance formed by Fagaceae, Nothofagaceae, and Betulaceae. In this case, matK data, as well as other plastid DNA data, indicate that this assemblage is not monophyletic.
The hierarchical information present in the matK phylogeny suggests alternative taxonomic arrangements. One possibility would be an expanded Fagales identical to the well-supported group, the ''higher'' Hamamelididae. Thorne (1992) recently expanded Fagales to include Ticodendron, Betulaceae, Nothofagus, and Fagaceae; however, this grouping remains paraphyletic according to the resolution provided by matK. A second option is the recognition of the three main matK clades at the ordinal level: Juglandales consisting of six core ''higher'' hamamelid families, and two monotypic orders, Fagales and Nothofagales.
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